We have isolated cDNAs from maize (ZGB1) and Arabidopsis (AGB1) encoding proteins homologous to P subunits of guanine nucleotide-binding protein (G protein (9, 10) or the transmission of red and blue light-induced signals (11, 12) . Furthermore, the cloning ofArabidopsis gene GPAI encoding a G protein a subunit designated GPal and its tomato homologue has provided molecular evidence for the existence of G protein-mediated signaling pathway(s) in plants (13, 14) . The reports of G protein involvement in a number of different cellular functions raise the possibility that GPal may be involved in more than one signaling pathway. It is possible that G protein f3 subunit(s) might also play a direct role in signaling in plants.
(3, and 'y subunits, play important roles in the transmission of signals such as hormones and light from membrane receptors to different effectors, including adenylyl cyclases, ion channels, and phospholipases (1) . Upon interaction ofthe inactive GDP-bound G protein with an activated receptor, the GDP is replaced by a GTP and the fy complex dissociates from the GTP-bound a subunit. Until recently, the GTP-a subunit complex was thought to confer the G-protein specificity, while the role of the fBy complex in signal transduction was controversial (2) . There are four (3 and six y subunits in mammals (3) , and recent studies indicate that the Sy complex is also able to interact directly with effectors, such as adenylyl cyclases, K+ channels, and phospholipase A2 (4, 5) . Furthermore, in some cases the fry complex is involved in receptor recognition (6, 7) .
In plants, biochemical studies have suggested G protein involvement in a number of pathways (8) , such as the control of K+ channel opening in guard cells and mesophyll cells (9, 10) or the transmission of red and blue light-induced signals (11, 12) . Furthermore, the cloning ofArabidopsis gene GPAI encoding a G protein a subunit designated GPal and its tomato homologue has provided molecular evidence for the existence of G protein-mediated signaling pathway(s) in plants (13, 14) . The reports of G protein involvement in a number of different cellular functions raise the possibility that GPal may be involved in more than one signaling pathway. It is possible that G protein f3 subunit(s) might also play a direct role in signaling in plants.
In this report, we describe the cloning of the maize ZGB1 and Arabidopsis AGB1 cDNAs encoding proteins that share >41% identity with animal G protein f3 subunits. § This level of homology is greater than that between a known yeast G protein (3subunit and animal ones (15) . ZGB1 and AGB1 may represent an additional type of G protein f subunit that is conserved in flowering plants and expressed in roots, leaves, and flowers.
MATERIALS AND METHODS
Maize Subtracted Library. A maize tassel cDNA library in pCDNAII (Invitrogen) and a maize ear shoot cDNA library in A-Uni-ZAP (Stratagene) were provided by M. Albertsen and G. Huffman, respectively, of Pioneer Hi-Bred International. Biotinylated RNA was generated in vitro from the ear shoot library by using the Gemini Riboprobe system (Promega) with the manufacturer's protocol modified to include 1 mM biotin-11 rUTP (Enzo Diagnostics, instead of photobiotin rUTP) and an increased rUTP concentration (1 mM) in the transcription reaction. A subtracted tassel cDNA library was prepared by hybridization of the biotinylated RNAs with single-stranded DNA from the tassel library as described (16) . The second strand of the nonsubtracted DNA molecules was synthesized with Klenow as described (17) . One of the obtained clones was designated pPHP2541.
S' Rapid Amplification of cDNA Ends (RACE) for PCR. 5' RACE primer extension was performed by using the 5' RACE system (GIBCO/BRL) with leaf and tassel poly(A)+ RNA and the oligonucleotide 5'-GATATCCACAGCCTA-CAGTTG-3' derived from the sequence of the pPHP2541 cDNA insert. The pPHP2541-derived nested primer 5'-GTATTTGATGAGTTGATGGAC-3' and the provided anchor primer were used for PCR amplification with Taq I polymerase (Perkin-Elmer). A clone containing a 0.6-kb PCR product was named pPHP3573.
Library Screening, Subcloning, and Sequence Analysis. A A-Uni-ZAP maize tassel cDNA library was screened for a full-length cDNA by using standard conditions and a labeled 0.9-kb insert from pPHP2541 as a probe. A AYES cDNA library from Arabidopsis thaliana (ref. 18 ; a gift from J. Mulligan) was screened with 32P-labeled 0.9-kb and 0.6-kb maize cDNAs from pPHP2541 and pPHP5373, respectively. cDNAs were subcloned into the Promega vector pGEM7Zf(+) for sequencing of both strands.
Southern and Northern Blot Hybridizations. Genomic DNA isolated from Arabidopsis (Landsberg erecta), maize (inbred A632), broccoli, carrot, and green bean (from a local store) were analyzed by DNA blot hybridization with a portion of either AGB1 or ZGB1 cDNA labeled with 32p. After hybridization, membranes were washed at room temperature for 10 min in 2 x SSC (1x = 0.15 M NaCl/0.015 M sodium citrate, pH 7) containing 0.1% SDS and then twice at 650C for 10 min, first in lx SSC containing 0.1% SDS and second in 0.1 x SSC containing 0.1% SDS for high stringency. Alternatively, membranes were washed at low stringency in 6x SSC Abbreviations: G protein, guanine nucleotide-binding protein; ORF, open reading frame; RACE, rapid amplification of cDNA ends.
tTo whom reprint requests should be addressed. §The sequences reported in this paper have been deposited in the GenBank data base (accession nos. AGB1, U12232; ZGB1, U12233).
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Total RNA from maize was isolated as described by Sharrock and Quail (19) , and total RNA from Arabidopsis was isolated as described (20 (Fig. 1) . The larger clone, pPHP5729, was completely sequenced. The protein encoded by the longest ORF is designated ZGB1 and has 380 amino acids (41, 694 Da).
With two shorter maize clones (pPHP2541, 0.9 kb; and pPHP5373, 0.6 kb) as probes, a total of 15 putative positive clones were isolated after screening 1 x 106 plaques of an AYES Arabidopsis cDNA library. Sequence analysis indicated that 11 of these clones contain cDNAs from the same gene and were further analyzed. The longest of these clones, pMC1057, is --1.7 kb, while the others range in size from 0.7 to 1.5 kb. The gene represented by pMC1057 was named AGBI. Five of the clones contain the characteristic poly(A) tail, although at different positions (Fig. 2) . The longest ORF (Fig. 2) is capable of encoding a protein, designated AG(31, of 377 amino acids (40, 960 Da) .
Each of the 5' untranslated regions of the ZGB1 and AGB1 cDNAs contains a short ORF about 65 bases upstream of the long ORF ATG, potentially coding a short peptide, Met-ArgGly-Ser-Ser and Met-Asn-Leu-Leu-Leu-Phe, respectively (Figs. 1 and 2). Short upstream ORFs have been observed in the Arabidopsis and tomato G protein a subunit genes (13, 14) and in several other plant (22) , animal (23) , and yeast genes (24) . It is known that some upstream ATGs are involved in the translational regulation of specific genes in yeast (24) and in maize (25 
AGAATTOCAA GTCGAGCTGT TCGAACCTAC CATGGACATU AGGATBATGT 950 
TCTCTCCAAA TGGTCAGTCG GOT0CGTGTG GTGGATTAGA CAGTGTATGT 600
CAAACCCAAA CTGGTTTATA CTOGTICAT GCGATTCCAC AGCACGGTTG 900 (3 subunit is very similar to these animal ones (61-65% identity), and it can be considered as a member of this subfamily. Each of the two other (3 subunits, one from the Drosophila compound eye (Gbe) and the other from Saccharomyces cerevisiae (STE4), represent one subfamily (Fig. 4) . Gbe and STE4 are =42% and 37% identical to those in the first subfamily, respectively, and are 28% identical to each other. Although STE4 is the most divergent ,B subunit and is %80 residues longer than the others, it has been shown to be a true G protein (8 subunit (Fig. 3) . The fact that ZGB1 and AG(31 are more similar than STE4 to the animal G protein ,B subunits suggests that the plant proteins are also true G protein (3 subunits. ZG(31 and AG,(1 are :40 amino acids longer than the animal G protein ( subunits. In the alignments of the plant and animal G protein (3 subunits (Fig. 3) , most of the extra plant residues are distributed among several small regions of several residues each. In contrast, in the alignments between LGVTDDGMAV ATGSWDSFLK IW --------340
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LGVTEDGMAV (15) . Both the level of sequence identity and the distribution of extra residues in sequence anments indicate that the plant G protein subunits represent an additional subfamily of subunits (Fig. 4) . It is known that the yeast STE4 protein interacts with G protein a and y subunits, receptors and effectors that are different from those that interact with the mammalian G protein subunits (15, (34) (35) (36) (27) , (2 (21) , and ,3 (28); mouse 34 (29) ; squid (30); Drosophila Gbb (31) and Gbe (32); C. elegans (26) ; Dictyostelium (33) G protein (3 subunits; therefore, they are not likely to be true G protein (3 subunits. However, Cblp and Arc share high levels (68% or more) of sequence identity with each other and with a WD-40 motif-containing protein from chicken (MHC12.3) that is encoded by a gene linked to the major histocompatibility complex (42) , suggesting that they have similar yet unknown functions in their respective organisms (41, 43) .
ZGBI and AGBI Are Single-Copy Genes That Are Conserved Among Different Species. To determine if ZGBI and AGBI are members of a family of highly similar genes, we performed DNA blot hybridization of maize and Arabidopsis genomic DNA under low and high stringencies, using a portion of ZGB1 or AGB1 cDNA as probes (see Figs. 1 and  2) . In either case, a single band was observed for Arabidopsis or maize DNA probed, respectively, with AGB1 cDNA (Fig.  5A, lanes 1-4) or with ZGB1 cDNA (Fig. 5A, lanes 8 and 9) . These results indicate that both the Arabidopsis and the maize genomes lack other sequences that are very similar (>60%o identity) to the cloned cDNAs. In other words, both ZGBI and AGBI are single-copy genes, unlike the G protein (3 (36) . WD-40 motif-containing proteins have also been isolated from plants; one of them is the Arabidopsis COP1 protein, which is 74.5 kDa in size and contains two zinc fingers in its N-terminal region; it was proposed to be a transcriptional repressor involved in photomorphogenesis (39) . Two other plant WD-40 proteins have been identified: one is the Chlamydomonas Cblp protein (40) , and the other is the gene product of arc) (an auxin-regulated gene) in tobacco (41 Fig. 2 ) and washed at high stringency (lanes 1 and 2) or low stringency (lanes 3 and 4); 5-7, genomic DNA ofbroccoli, bean, and carrot (respectively from the three families Cruciferae, Leguminosae, and Umbelljferae) probed with a portion ofAGB1 cDNA and washed at low stringency; 8 and 9, maize genomic DNA probed with a portion of ZGB1 cDNA (see Fig. 1 ) and washed at high stringency (lane 8 Proc. Natl. Acad. Sci. USA 91 (1994) oftwo related diploids), two bands were observed, suggesting that both of the expected homologues were detected. As indicated by both library screening and DNA blots, the hybridization between homologues from several plants serves as a control for the absence of hybridization of additional sequences in maize and Arabidopsis genomes. The fact that both maize and Arabidopsis contain no other sequences that are very similar to these G protein (3 subunit genes suggests that these genes have a unique function. Furthermore, the fact that the G protein ( subunit gene AGBI is conserved in flowering plants suggests that it plays one or more important roles in plant signaling.
However, our results do not rule out the possibility that other G protein (3 subunits are present in flowering plants. Nevertheless (8) . Furthermore, several studies using cholera or pertussis toxins have produced evidence for the presence of G proteins susceptible to either one or both of these toxins (9) (10) (11) (12) . On the other hand, the only G protein a subunit whose gene has been cloned thus far lacks the C-terminal cysteine for ADP-ribosylation by pertussis toxin (13) . So in plants, there may be other G protein a subunits as well as G protein ( subunits encoded by genes that are very different from the cloned genes (GPAI, TGAI, ZGBI, and AGBI).
Expression of ZGBI and AGBE. To determine the expression patterns of ZGB1 and AGB1 cDNAs, RNAs from several tissues were analyzed by Northern hybridizations. The ZGB1 RNA is present in the root, the leaf, and at a slightly higher level in the tassel (Fig. SB) . InArabidopsis, the AGB1 RNA is present in all tissues tested: root, leaf, and flower. The ZGB1 and the AGB1 messages are about 1.7 kb, indicating that the longest cDNA clones are full length or nearly full length.
The immunolocalization of GPal in Arabidopsis has suggested that it might be involved in a number of different cellular processes, such as cell division, cell differentiation, or nutrient accumulation/transport (46) . If AG(31 is associated with GPaM, it might also be involved in some of these same processes. It is also possible that within the same cell, the G protein a and (3 subunits might be involved in transducing different signals to different effectors, resulting in the activation of different cascades of events and cellular responses and that in other cell types, this same G protein might be involved with yet other receptors and effectors.
Conclusion. We have isolated ZGB1 and AGB1 cDNAs coding for G protein a subunits from maize and Arabidopsis, respectively. The amino acid sequences of the predicted proteins, ZG(31 and AGE1, are 76% identical to each other and show 41% or more identity to mammalian G protein (3 subunits. They contain seven repeats of the WD-40 motif that is found in all of the known G protein ( subunits. Based on these results, we conclude that ZG(31 and AG(31 are G protein (-subunit homologues in maize and Arabidopsis, respectively. These results provide a further demonstration that a heterotrimeric G protein signaling pathway exists in plants and also point out structural differences between animal and plant G protein (3 subunits. The deduced proteins represent an additional type of G protein (8 subunits that are conserved among flowering plants and that are expressed in several organs. These genes provide new molecular tools to study G protein functions in plants.
